Introduction
G-quadruplex, a four-stranded DNA structure consisting of pplanar G-quartets, has received much interest due to its potential application as a target in cancer therapy. [1] [2] [3] [4] [5] [6] Some molecules such as proteins, drugs, and ligands can bind to Gquadruplex, adjust its structure and then inuence its function.
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For example, 5,10,15,20-tetra-(N-methyl-4-pyridyl) porphyrin (TMPyP4) (Scheme 1(a)), a well-studied ligand, has shown the abililty to stabilize the structure of human telomeric G-quadruplex and inhibit the activity of telomerase.
14-38 Until now, different techniques have been used to study the interactions between G-quadruplex and this ligand, such as UV-vis absorption, 17, 19, 23 circular dichroism (CD), 17, 26, 36 isothermal titration calorimetry (ITC), 36 uorescence/phosphorescence spectroscopy, 7, 32, 34 gel electrophoresis, 36 molecular modeling, 35, 39 mass spectrometry, 11 nuclear magnetic resonance (NMR) spectroscopy, 40 X-ray crystallography, 21 and so on. The results show that the binding mode and affinity of TMPyP4 to Gquadruplex are dependent on the structure of G-quadruplex and are sensitive to the solution conditions. 23, 29, 35, 41 Using 2-aminopurine modied Tel22, Majima et al. concluded that TMPyP4 binds to basket-type G-quadruplex, formed from human telomeric DNA in the presence of Na + , by intercalation and loop binding. 42 Recently, Su et al. reported that the binding modes of TMPyP4 to the same DNA structure are end-stacking and intercalation using TMPyP4 as a triplet reporter. 32 It is possible that one technique can only be sensitive to certain or several binding modes, thus it can only obtain incomplete information of the interactions.
The binding stoichiometry, a critical parameter for understanding the interactions between TMPyP4 and DNA, is also different from previous measurements. 15, 16, 19, 23, 24, 26, 27, 37 For example, Hurley and co-workers reported a binding stoichiometry of 2 : 1 for TMPyP4 to the Tel22 G-quadruplex in 100 mM Na + buffer using UV absorption spectroscopy. 15 Lewis et al. reported that the binding number of TMPyP4 to Tel22 Gquadruplex is $4 using ITC experiments with the addition of 150 mM NaCl. 37 It is obvious that the binding of TMPyP4 to Tel22 formed G-quadruplex is inuenced by the ionic strength of solutions. For example, Zhang and co-workers concluded that with an increase in the concentration of K + from 0 to 100 mM, the binding number decreases from 5 to 3. 24 Until now, there is no complete understanding of the effect of salt concentration on the binding modes and binding number. Furthermore, so far, little is known about the relation between the binding and the structures of DNA-TMPyP4 complexes in aqueous solutions.
In this study, we mainly used analytical ultracentrifugation sedimentation velocity (AUC-SV) to investigate mixtures of aqueous solutions of TMPyP4 and AGGG(TTAGGG) 3 (Tel22) containing 10 mM tris(hydroxymethyl)aminomethane (Tris)-HCl (pH ¼ 7.5) and different concentrations of NaCl. The binding number of TMPyP4 increases continuously with an increase in C TMPyP4 and decreases with an increase in C NaCl . When the concentration ratio of TMPyP4 to Tel22 is 5, the binding number rst decreases rapidly from 5 to 3.2 due to the competition between Na + and weak binding TMPyP4 molecules, and then it decreases from 3.2 to 2.5 with a further increase in C NaCl , which may correspond to the competition between Na + and TMPyP4 with medium binding affinity. Meanwhile the increase in C Na + has a weak inuence on the high affinity binding modes, as the binding number has almost no change with a further increase in C Na + when C Na + > 300 mM. Moreover, the results of both AUC-SV and PAGE reveal that the addition of TMPyP4 in G-quadruplex aqueous solutions can induce the formation of the dimeric G-quadruplex-TMPyP4 complex and the amount of dimers is related to the binding modes of TMPyP4. Our results show that the binding mode with medium affinity can promote the formation of the dimeric complex and weak interactions have a negative effect, presumably due to an instability of G-quadruplex caused by excessive TMPyP4 molecules.
Experimental section

Sample preparation
The human telomeric DNA fragment 5 0 -AGGGTTAGGGT-TAGGGTTAGGG-3 0 (Tel22) was purchased from Sangon Biological Engineering Technology and Services (Shanghai, China) in high performance liquid chromatography (HPLC)-puried form. The oligonucleotides were dissolved in 10 mM tris(hydroxymethyl) aminomethane (Tris)-HCl buffer solution (pH ¼ 7.5). The DNA stock solution was heated to 95 C for 5 min in a ThermoMixer comfort incubator (Eppendorf, Germany), slowly cooled down to room temperature and incubated at room temperature for another $2 h. The stock solution was stored at À20 C for future use. The concentration of DNA was determined by measuring the absorbance at 260 nm using a UV-vis spectrophotometer (UV-2802PCS, UNICO, Shanghai) with a molar extinction coefficient of 228.5 mM À1 cm
À1
.
19,43
TMPyP4 in the form of a tetra-o-tosylate salt was purchased from Tokyo Chemical Industry (TCI) and used as received. The solid sample was dissolved in 10 mM Tris-HCl buffer solution (pH ¼ 7.5) to obtain a stock solution with a concentration of $1.0 mM. The exact concentration of TMPyP4 was determined by measuring the absorbance at 424 nm with a molar extinction coefficient of 226 mM À1 cm À1 . 32, 44 The DNA solutions containing different concentrations of TMPyP4 were heated again to 95 C for 5 min and then incubated at room temperature for another $2 h. The solutions were stored at 4 C for future use.
Ultra-pure Milli-Q water with a resistivity of 18.2 MU cm, that was used in all experiments, was puried by ltration through a Millipore Gradient system aer distillation. Tris(hydroxymethyl) aminomethane (Tris, 99%), concentrated hydrochloric acid (37.5%), sodium chloride (NaCl, 99%) and potassium chloride (KCl, 99%) from Sinopharm were used as received.
Circular dichroism (CD)
CD experiments were performed on a JASCO J-810 spectrometer at room temperature. For each sample the data were collected from 200 to 320 nm with a scanning rate of 100 nm min À1 and each nal spectrum was an average of three scans using a 1 mm path length quartz cuvette. Scans of buffer solutions containing the same concentrations of salt and TMPyP4 were measured under the same experimental conditions and used as the background correction.
Sedimentation velocity experiments
Sedimentation velocity (SV) experiments were carried out in a ProteomeLab XL-A analytical ultracentrifuge (Beckman Coulter Instruments) at 20.0 C with a rotational speed of 58 000 rpm using 3 mm double sector cells. The criterion to select an appropriate wavelength is that the measured absorbance should be in the range of 0.2-1.2 to ensure a good signal to noise ratio. About 200 scans were collected during each SV experiment and analyzed by Sedt (version 14.1) using a continuous c(s) distribution model. 45, 46 The values of viscosity and density of the buffer solutions were obtained from Sednterp soware.
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PAGE experiments 20 mL of DNA solution was mixed with 3 mL 10 Â loading buffer (30 mM EDTA, 50% (v/v) glycerol, 0.25% (w/v) xylene cyanol FF, and 0.25% (w/v) bromophenol blue) and then loaded onto a 20% (w/v) polyacrylamide gel containing 100 mM NaCl and subjected to a constant voltage of 50 V for 2.5 h. The running buffer was 40 mM Tris-acetic acid with a pH of 7.5. Electrophoresis experiments were conducted at room temperature. Aer each experiment, DNA chains in the gel were stained with GelRed for 40 min and photographed by a gel image system (Tanon).
Results and discussion
Binding of TMPyP4 to Tel22 G-quadruplex
The human telomeric fragment AGGG(TTAGGG) 3 (Tel22) can fold into G-quadruplex in the presence of Na + or K + and the structural information of G-quadruplex has been determined using NMR and other techniques. 1, 48, 49 As reported, Tel22 forms an antiparallel basket-type structure with the help of Na + , and it forms hybrid structures (hybrid 1 and hybrid 2) in the presence of K + in the solution state, as shown in Scheme 1(b). 1, 49, 50 In this study, rst we used AUC-SV and CD to conrm and characterize G-quadruplex structures in the presence of 100 mM Na (b) † shows that Tel22 presents a positive peak at 295 nm and a negative peak at 265 nm in the presence of 100 mM NaCl, and has a positive peak at 290 nm with a shoulder at around 270 nm and a negative peak around 235 nm with the addition of 100 mM KCl, indicating the formation of basket-type and hybrid structures in these two salt solutions, respectively.
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Then we investigated the effect of 5,10,15,20-tetra-(N-methyl-4-pyridyl)porphyrin (TMPyP4) (Scheme 1(a)) on the structure of G-quadruplex in aqueous solutions using AUC-SV, PAGE, UV-vis spectrophotometry and CD spectroscopy. To avoid structural diversity of Tel22 in the solutions, we mainly focussed our study on the interactions between TMPyP4 and basket-type Gquadruplex in NaCl solution. The CD spectra for the titrations of TMPyP4 into Tel22 solutions with the basket-type Gquadruplex structure containing 100 mM NaCl are illustrated in Fig. 1 . The concentrations of Tel22 (C Tel22 ) and NaCl are 8.0 mM and 100 mM, respectively. The concentrations of TMPyP4 (C TMPyP4 ) range from 0 to 56.0 mM, and the further increase in C TMPyP4 higher than 56.0 mM leads to the formation of some precipitates. As shown in Fig. 1 , the addition of TMPyP4 causes signicant attenuation in the CD signals at both 265 nm and 295 nm. 28, 37 Besides the decrease in CD signals, TMPyP4 also causes a shi of the peaks at wavelengths of $265 nm and 295 nm. 28, 37 It should be noted that TMPyP4 has nearly no CD signal, as shown in Fig. S2 , † when C TMPyP4 is 80.0 mM. Moreover, as shown in Fig. S3 , † compared with the UV-vis absorption spectrum of free TMPyP4, the addition of Tel22 causes a redshi of the maximum absorption wavelength of TMPyP4 from 424 to 435 nm and a decrease in the maximum extinction coefficient, indicating the formation of Tel22-TMPyP4 complexes. 23, 32 Thus, the change in the CD spectra shown in Fig. 1 should be due to the formation of the Tel22/TMPyP4 complexes. Moreover, the decreased CD intensity with the increase in C TMPyP4 when C TMPyP4 is larger than 24.0 mM indicates that the excessive TMPyP4 molecules may have a negative inuence on the formation of G-quadruplex. 24 The titrations of NaCl into the Tel22-ligand mixture solution (Fig. S4 †) show the CD signal at 295 nm still increases when C NaCl is larger than the minimum concentration (100 mM) to fully induce the formation of G-quadruplex without the addition of TMPyP4, as reported in our previous study, 43 reecting the negative inuence of TMPyP4 on the stability of G-quadruplex.
Sedimentation velocity (SV) is a powerful method for investigating the conformational change of solutes and the homogeneity of sample solutions and has been widely used in the Gquadruplex system. 9,50,53-55 Herein, we used this method to investigate the structural change of DNA chains in aqueous solutions with the addition of TMPyP4. Firstly, we conducted an SV experiment on a TMPyP4 aqueous solution without DNA chains, and the result is shown in Fig. S5 . † It shows that a free TMPyP4 molecule has a small sedimentation coefficient (s $ 0.25 S) and hardly sediments during the SV experiment. Thus the absorbance of TMPyP4 at different radial positions only slightly changes aer the SV experiment. The velocity scans at the beginning and the end of one SV experiment (about 10 h) are shown in Fig. S6 . † The two velocity scans have a cross-point at a radius of $6.8 cm, which means that the concentrations of TMPyP4 at this position before and aer the SV experiment are the same. In the presence of DNA, bound TMPyP4 molecules will sediment together with DNA chains. Thus, we can determine the amount of the free TMPyP4 molecules in an aqueous solution by measuring the absorbance spectra at a radius of 6.8 cm when the rotor is still rotating at a rate of 58 000 rpm at the end of one SV experiment (about 10 h). For example, as shown in Fig. 2 , aer one SV experiment the measured concentration of free TMPyP4 (C f ) from the absorbance at a wavelength of 420 nm in the solution is 7.0 mM, where the initial concentrations of Tel22 (C DNA ) and TMPyP4 (C i ) are 8.0 mM and 40.0 mM, respectively. Thus the binding number of TMPyP4 per DNA (n bound ) is calculated as 4.1 using the equation of n bound ¼ (C i À C f )/C DNA . The value of n bound has been widely studied. 16, 19, 25, 27, 31, 36, 42 However, there is no exact understanding on this issue until now. Besides the structural specicities of DNA chains, the difference might result from the following reasons. Firstly, the binding number is inuenced by the initial concentration ratio of TMPyP4 to Tel22 and the salt concentration in solutions. 24, 32 Secondly, the binding number is determined by various instruments and each instrument has its sensitivity.
The binding number of TMPyP4 to Tel22 increases with C TMPyP4
We used the above-mentioned method to investigate the effect of C TMPyP4 on the binding number at a constant NaCl concentration of 100 mM. Fig. 2 shows the absorbance spectra of free TMPyP4 molecules in solution. From the absorbance at the wavelength around 420 nm, we can obtain the concentration of free TMPyP4 molecules in the aqueous solution as discussed above. Then the average binding number of TMPyP4 per Tel22 chain could be obtained by n bound ¼ (C i À C f )/C DNA . The inset of Fig. 2 shows that n bound increases with C TMPyP4 when the concentration of Tel22 is kept at 8.0 mM, and the binding number can become larger than 4 when the concentration of TMPyP4 is higher than 40.0 mM. However, most previous studies show that the binding stoichiometry of TMPyP4 to Tel22 ranges from 2 to 4 using Job plot and ITC. 15, 16, 19, 27, 37 Herein, we also measured the binding stoichiometry using Job plot according to the reported method. 27 A binding stoichiometry of $3 is obtained, as shown in Fig. S7 . † The difference in the two experiments is presumably due to the reason that some weak binding has little contribution to the detected signal of absorbance, but it can be readily detected by our method due to the fact that both strong and weak binding TMPyP4 molecules sediment together with Tel22 chains. Using molecular dynamics simulations, Bhattacharya et al. reported that there are ve modes for TMPyP4 to bind with basket-type G-quadruplex, which consist of one binding mode of end-stacking and four groove binding modes. 35 Among the four groove binding modes, two of the four have stronger binding affinities, while the others have weaker binding affinities. The weak groove binding may only be due to non-specic electrostatic interactions. Previous studies have also reported that there are several specic binding modes between TMPyP4 and G-quadruplex, such as intercalation, endstacking, and specic loop or groove binding. 11, 32, 42, 56 The binding affinities of different specic binding modes are different from each other and follow the order of intercalation > end-stacking > specic loop or groove binding.
35,57 Thus, we can roughly divide them into three groups: high affinity binding modes including the inner intercalation mode and end stacking, medium affinity binding modes containing some groove binding modes, and non-specic weak electrostatic binding modes. With the increase in C TMPyP4 , TMPyP4 may rst bind to G-quadruplex due to high affinity binding modes and the medium affinity binding mode and then the weak non-specic electrostatic binding causes a further increase in the binding number, as shown in Fig. 2 .
TMPyP4 can induce the formation of a dimeric complex Fig. 3 shows the normalized sedimentation coefficient distributions analyzed by Sedt using the continuous c(s) distribution model. A unimodal distribution with s ¼ 1.90 S of Tel22 in an aqueous solution containing 100 mM NaCl and without the addition of TMPyP4 indicates an intramolecular basket-type Gquadruplex (M). 43, 50 With the addition of 8.0 mM TMPyP4, a second peak (D) with a sedimentation coefficient of 2.7 S appears, presumably due to the formation of a dimer between Tel22-TMPyP4 complexes. Moreover, Fig. 3 shows that the amount of dimer increases with C TMPyP4 when C TMPyP4 < 24.0 mM, and then decreases with a further increase in C TMPyP4 . The effect of C TMPyP4 on the concentration ratio of the dimer to the monomer (C D /C M ) is shown in the inset of Fig. 3 . With an increase in C TMPyP4 , TMPyP4 can gradually bind to G- quadruplex by strong interactions as illustrated in Fig. 2 , and promotes the formation of the dimer. When C TMPyP4 is 24.0 mM, all the strong binding sites ($3) are occupied. Thus C D /C M reaches its maximum value. When C TMPyP4 > 24.0 mM, TMPyP4 starts to bind to G-quadruplex through weak non-specic interactions, which may weaken the stability of G-quadruplex as illustrated in Fig. 1 . The Tel22-TMPyP4 complex with a less stable G-quadruplex structure cannot form dimeric complexes. Thus, with the further increase in C TMPyP4 , the amount of dimer decreases. Furthermore, we carried out two series of control SV experiments: one concerns the solution of Tel22/TMPyP4 without the addition of NaCl and the other concerns the solution of a control DNA/TMPyP4 (the sequence of control DNA is presented in Fig. S9 † and the control DNA cannot form the Gquadruplex structure) with the addition of 100 mM NaCl, and the results are shown in Fig. S8 and S9 . † The monodispersed distributions of the two systems indicate that the G-quadruplex structure is a critical factor for the formation of dimeric complexes.
Thereaer, we conducted PAGE experiments to verify the results shown in Fig. 3 . As shown in Fig. 4, line 2 represents an intramolecular G-quadruplex formed from Tel22 (M). With the addition of TMPyP4, a second band (D) appears and its content reaches a maximum when C TMPyP4 is 24.0 mM. A further increase in C TMPyP4 leads to a decrease in the content of band D, which is in good agreement with the results of SV shown in Fig. 3 . Moreover, the band brightness becomes lower when C TMPyP4 is larger than 40.0 mM, presumably because the binding of TMPyP4 to Tel22 decreases the staining ability of GelRed. The gel bands shown in Fig. 4 (line: 3-9) belong to Tel22/TMPyP4 complexes and not to the ligand-free Tel22 because these bands are yellow.
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Medium affinity binding mode promotes the dimeric complex formation Fig. 5 shows the absorption spectra of free TMPyP4 with the addition of different concentrations of NaCl ranging from 0 to 400 mM, where the concentration of Tel22 is 8.0 mM and the concentration of TMPyP4 is 40.0 mM. The results show that the absorbance of TMPyP4 at 420 nm increases with an increase in C NaCl , indicating an increase in concentration of free TMPyP4 molecules. The effect of NaCl concentration on the calculated n bound is shown in the inset of Fig. 5 . It decreases from 5 to 2.3 with increasing C NaCl to 400 mM due to the competition between Na + and TMPyP4, and we can divide this into three regions with slopes of À0.0114, À0.0048 and À0.0020, as shown in the inset. The addition of NaCl rst disturbs the weak interactions and leads to the decrease in n bound in region I when C NaCl < 150 mM. Aer the binding number decreases to $3.2 and the remaining interactions are strong, the further increase in C NaCl has a weaker effect on these strong interactions so that the binding number only slightly decreases from 3.2 to 2.3. In other words, the binding number of TMPyP4 due to the strong interactions is $3.2 when the concentrations of Tel22 and TMPyP4 are 8.0 and 40.0 mM, respectively, which is in good agreement with the value measured by Job plot, as shown in Fig. S7 . † Note that Zhang et al. also found that the binding numbers of TMPyP4 per DNA with a similar sequence are 5 and 3 when the KCl concentrations are 0 and 100 mM, respectively.
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The increase in C NaCl has less effect on higher affinity binding modes than the binding mode with a medium affinity (possibly some groove binding). Thus we can observe two different processes (regions II and III) in Fig. 5 . Fig. 6 shows the effect of C NaCl on the normalized sedimentation coefficient distributions of Tel22/TMPyP4 solutions, where the concentrations of Tel22 and TMPyP4 are 8.0 mM and 40.0 mM, respectively. As shown in Fig. 6 , two peaks located around 1.9 S and 2.7 S with the addition of NaCl belong to the monomeric and dimeric complexes, respectively, as discussed above. The dependence of C NaCl on the dimeric content is plotted in the inset of Fig. 6 . Firstly, C D /C M increases from 0 to 1.2 with an increase in C NaCl , presumably due to the formation of G-quadruplex and the increased stability of G-quadruplex with the increase in C Na + . A further increase in C NaCl when C NaCl > 200 mM causes a decrease in dimeric content, which may be due to the decrease in the medium affinity binding mode of specic groove binding as mentioned in Fig. 5 . It is worth noting that the high affinity binding may have no contribution to the dimer formation. The small amount of dimeric complex shown in region III, where C NaCl is larger than 300 mM, may be due to the fact that a part of the medium affinity binding mode may still exist in the system. To understand the relationship between the binding and dimeric complex formation in detail, we also studied the effects of C NaCl on the binding number and dimeric content when C TMPyP4 is 16.0 mM and 24.0 mM, as shown in Fig. 7 . When C TMPyP4 is 16.0 mM, the main binding modes between TMPyP4 and G-quadruplex are high affinity binding. Thus we only found one slope of À0.0019 with the increase in C NaCl when C NaCl > 100 mM, as shown in Fig. 7 . Note that there are still some TMPyP4 molecules binding to Tel22 through the medium affinity binding mode, thus a small amount of the dimeric complex can form when C Na + < 200 mM. When C NaCl is larger than 200 mM, there is almost no dimeric complex while the high affinity binding modes still exist, indicating that the existence of the high affinity binding modes may have no contribution to dimer formation. When C TMPyp4 is 24.0 mM, n bound is almost unchanged with the addition of 50 mM NaCl in the solution, presumably due to the fact that there is no weak interaction between TMPyP4 and Tel22 at this ligand concentration. Then the further increase in C NaCl makes n bound decrease in two manners with slopes of À0.0048 and À0.0020, which are consistent with the two slopes for the medium affinity binding mode of specic groove binding and high affinity binding modes when C TMPyp4 is 40.0 mM. Due to the formation of G-quadruplex and the increased stability with the addition of NaCl, the content of the dimeric complex increases. Meanwhile, the increase in C NaCl higher than 150 mM also has a negative effect on the medium affinity binding mode, thus we observe a decrease in the dimeric content. Potassium ions (K + ) also play an important role in the formation of G-quadruplex structures. In the presence of K + ,
Tel22 can form a G-quadruplex with hybrid structures, as shown in Scheme 1(b). 49, 58 Herein, we also investigated the inuence of TMPyP4 on the structural change of the hybrid-type Gquadruplex. As shown in Fig. S10 , † with the addition of TMPyP4, the CD signal at 295 nm signicantly decreases, and the shoulder peak at 265 nm becomes dominant. Thus, it is obvious that TMPyP4 does have a signicant effect on the Gquadruplex structures. SV experiments were also carried out on these systems. As shown in Fig. S11 , † the addition of TMPyP4 has no obvious effect on the sedimentation coefficient distribution of Tel22 on the rst day of preparation. However, the dimeric complex appears when the solution mixture was detected on the 7th day, as shown in Fig. S11(b) . † The amount of dimeric complexes with the addition of K + is much less than that with the addition of Na + in the same conditions, which may be due to the different conformations of G-quadruplex formed in these two systems and/or the possible different binding modes of TMPyP4 to the two kinds of G-quadruplex.
Conclusions
In conclusion, we have studied the effect of Na + on the interactions between a human telomeric DNA fragment Tel22 and TMPyP4, and its effect on the dimeric G-quadruplex formation.
The results of AUC-SV show that the binding number of TMPyP4 per Tel22 is affected by both C TMPyP4 and C NaCl . With an increase in C TMPyP4 , the binding number continuously increases, and the addition of NaCl in the Tel22/TMPyP4 aqueous solution has a negative effect on the binding number. Our results show that there are three kinds of interaction between TMPyP4 and G-quadruplex: high affinity binding modes, medium affinity binding modes containing some groove binding modes, and non-specic weak electrostatic binding modes. Moreover, the addition of TMPyP4 in the basket-type G-quadruplex aqueous solutions can induce the formation of dimeric Tel22-TMPyP4 complexes, and the three kinds of interaction have different inuences on the formation of dimers. Weak electrostatic interactions have a negative effect on dimer formation because they can destroy the G-quadruplex structure. Medium affinity binding modes of specic groove binding can promote the formation of the dimer, while the high affinity binding modes have no effect on its formation.
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